A billion-clone library of filamentous phage with different surface structures ('landscapes') was generated by fusing random octapeptides to the N-terminus of all 4000 copies of the major coat protein. Such a 'landscape library' might include clones exhibiting emergent properties that inhere in the entire surface architecture, not in the peptides by themselves. Because the diverse surface landscapes are displayed on viable phage, they can be surveyed for exceedingly rare functions using microbiological selection methods. Clones with several emergent properties of the sort envisioned were successfully selected, suggesting that landscape libraries have promise as a novel source of nanomaterials with exploitable surface properties.
Introduction
The outer coat of the Ff class of filamentous phage (strains Ml3, fl and fd) is composed of thousands of a-helical subunits, which overlap one another to form a tube surrounding the viral DNA (Marvin et al, 1994) . Each 50-residue subunit (coat protein pVin, encoded by gene VLTI) lies at a shallow angle to the long axis of the virion, with its C-terminus buried in the interior (close to the DNA) and its N-terminus exposed to the medium. Phage tolerate the fusion of foreign peptides to the N-terminus of pVIlI (Ilyichev et al, 1989; Greenwood et al., 1991; Iannolo et al., 1995) , and the surface architecture of virions with these altered coat proteins can be substantially altered (Kishchenko et al, 1994) , implying that the peptide interacts with the surrounding virion surface to form a well-defined structure. Such recombinant phage are reminiscent of antibody molecules. In each case, variable peptides-complementarity-determining regions in the case of antibodies, foreign peptides in the case of phage-are displayed in a fixed framework which imposes constraints on their conformation. Like antibodies, phage-peptide ensembles may possess emergent properties that are specific for the variable peptides, yet lost or greatly attenuated when these peptides are removed from their constraining framework. If, in addition, the foreign peptide is displayed on every subunit, emergent properties may include not only local functionalities that reside in a single variable peptide and its immediate surroundings, but also global functions that inhere in the entire surface 'landscape'. To emphasize this possibility, we call such constructs 'landscape' phage. Here we report the construction of a 1.5X10 9 -clone landscape library, and the use of simple microbiological methods to select clones exhibiting both local properties (specific affinity for a small organic hapten, mimicry © Oxford University Press of antigenic epitopes) and a global one (resistance to chloroform). On the basis of these results, we argue that landscape libraries have promise as a rich source of new materials with exploitable surface functions.
Materials and methods
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Fig. 1. Structure of landscape phage. (A) Nucleotide and amino acid sequences corresponding to the beginning of the mature form of pVIII in the vector f8-l and the recombinant pVIII in the library; n represents an equal mixture of G, A, T and C, and k an equal mixture of G and T. Only the viral strand of DNA (anti-complementary to mRNA) is shown.
(B) A short length of the phage surface according to the model of Marvin et al. (1994) , which is supported by low-angle X-ray fiber diffraction and other low-resolution data, but partly speculative in atomic detail. Octapeptide inserts are pictured with dark atoms; their atomic details are entirely speculative, but their overall arrangement, being fixed by virion symmetry, is presumably accurate. The distance between an atom of an octapeptide and the equivalent atoms of its four nearest neighbors above and below is ~27 A. and titering infective particles as tetracycline transducing units (TU) have been described previously (Smith and Scott, 1993; Yu and Smith, 1996) . The 9183-base vector f8-l was constructed from fd-tet (Zacher et al, 1980; Smith, 1988) by mutating the G at position 2220 to A (thus removing the single BamHl site) and introducing Pstl and BantHI cloning sites into gene VIII (see Figure 1A ). Phage c8-l was constructed from vector f8-l by replacing its tetracycline resistance determinant with the chloramphenicol resistance gene of Tn9 (unpublished data).
Construction of the library
Circular, single-stranded f8-l virion DNA was cleaved at the Pstl site after annealing it to a complementary oligonucleotide (Zhu, 1989) . It was freed of oligonucleotide and oligonucleotide fragments by ultrafiltration through a Centricon 100 kDa unit (Amicon) [three times in 50 mM NaCl, 0.1 N NaOH, and twice in TE (10 mM Tris-HCl, 1 mM Na 2 EDTA, pH 8.0)]. Partial duplexes were formed by annealing the linearized DNA to the degenerate oligonucleotide 3'-ACGACAGAAA-GCG ACGTCnm(wim) 6 nnCCTAGG AAC ATC ATC-5', where positions designated n have an equal mixture of all four bases and those designated m an equal mixture of A and C. The 17 bases at the 3' ends of the degenerate oligonucleotide and the linearized f8-l viral DNA are complementary; therefore, when the partial duplexes were filled in with T7 DNA polymerase (Sequenase 2.0; US Biochemical), the chief product was theoretically a 9221 bp double-stranded linear DNA with BamHl sites at each end. This duplex was cleaved with BamHl, freed of the short ends by ultrafiltration five times through a 100 kDa Centricon unit in TE, and circularized by ligation at a DNA concentration of 5 Jig/ml. Escherichia coli MC1061 798 cells were transfected with the ligation product by electroporation as described previously (Yu and Smith, 1996) , yielding a library of 3X10 9 transformants. Transformed cells were grown in 4 1 LB medium (Sambrook et al, 1989) containing 20 (ig/ml tetracycline, and virions were isolated from the culture supernatant by precipitation with polyethylene glycol (PEG; Smith and Scott, 1993) . The total yield of physical particles (8.4X10
13 virions) was ~5% of normal, but their infectivity (~0.05 TU per physical particle) was close to normal.
Affinity selection
Clones that bind dioxin or antibody against concanavalin A (ConA) were isolated by three rounds of 'one-step' or 'twostep' affinity selection (Yu and Smith, 1996) using various amounts of biotinylated ligand (dioxin or antibody). In onestep selection, the biotinylated ligand was pre-reacted in a streptavidin-coated Petri dish, which was then used to 'pan' the input phage (i.e. input phage were pipetted into the dish and allowed to react with the surface for a few hours). In twostep selection, the biotinylated ligand was pre-reacted with phage in solution, and the reaction mixture then diluted and panned for 10-20 min in a streptavidin-coated Petri dish. In either case, unbound phage were removed by vigorous washing, and bound phage eluted in acid and infected into fresh cells. Infected cells were either propagated en masse to make the input phage for the next round of affinity selection (Yu and Smith, 1996) , or (after the third round) cloned and analyzed individually. Viral DNAs (at least 10 third-round clones for each selection condition) were sequenced to determine the amino acid sequences of the displayed peptide (Haas and Smith, 1993) ; data for all selection conditions with dioxin and antibodies are pooled in Figure 2 and Table II, respectively.
Selection of chloroform-resistant phage
A portion of the library (5X10" virions, corresponding to 2.5X10 10 TU) in 300 \i\ TBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) was vortexed vigorously for 1 min at 20°C with an equal volume of chloroform:isoamyl alcohol mixture (24:1 v/v). The surviving phage (0.002% of the input) in the aqueous phase were propagated by infecting E.coli K91Blue-Kan cells (Yu and Smith, 1996) and growing the infected cells in 20 ml NZY medium (Smith and Scott, 1993) containing 20 |ig/ml tetracycline; virions were partially purified from the culture supernatant by PEG precipitation (Smith and Scott, 1993) . A portion of these phage (2X10 10 TU) was treated with chloroform and surviving phage (4.5%) propagated as before. A third treatment with chloroform resulted in 7% survival; individual clones were propagated and their DNA sequenced (Haas and Smith, 1993) .
Analysis of chloroform resistance
Phage were diluted in TBS to 2-10X10 9 TU/ml. A 300 u.1 portion of the dilution was mixed with an equal volume of chloroform:isoamyl alcohol (24:1 v/v) in a 1.5 ml microtube and vortexed at top speed for 1 min at room temperature. The tube was centrifuged briefly to separate the phases, and the phage in the aqueous (upper) phase were titered for TU (see above), along with untreated phage as control.
The effect of chloroform treatment on the physical structure was followed by the electrophoresis of intact virions (either chloroform treated or untreated) through 0.8% agarose gels in 50 mM NaH 2 PO 4 , pH adjusted to 7.5 with NaOH, 1 mM MgCl2-Phage bands were visualized by rocking the gel for 45 min in 0.2 N NaOH, rinsing briefly in water, staining with Motifs and individual peptide inserts correspond to randomized positions a-h of the major coat protein (Figure 1) , the invariant N-terminal alanine at position 1 being omitted. Alternative amino acids at a given position in a motif are enclosed in parentheses. The clone displaying EVPGSAFP was constructed from a non-degenerate insert (see text); all other clones were selected from the landscape library. Sensitivity to chloroform was quantified as described in Materials and methods, and is reported as the ratio of the titer of untreated phage to the titer of chloroform-treated phage. This clone's chloroform resistance seems to be caused by a Ser -» Thr replacement at position 17 of the major coat protein.
0.5 (ig/ml ethidium bromide in 1 M Tris-HCl, pH 7.2, for 45 min, and destaining in 1 mM MgSO4 for 45 min.
Direct synthesis of a chloroform-resistant clone
A synthetic duplex encoding EVPGSAFP was spliced into vector f8-l. A clone with the synthetic insert was identified without selecting for chloroform resistance, and its gene Vffl structure confirmed by DNA sequencing. The chloroform sensitivity of this clone was measured in parallel with that of a chloroform-selected clone displaying peptide EAPGSAFP (Table I) . Mosaic phage covered with a mixture of wild-type and 'chloroform-resistant' coat protein E.coli K91BlueKan (~10 10 cells/ml) was co-infected with a mixture (~10 12 TU/ml each) of chloramphenicol-resistant c8-l phage (with wild-type pVIII) and a chloroform-selected tetracycline clone displaying the peptide EVPGSAFP (Table  I) . Doubly infected cells were incubated for 40 min at 37°C in NZY medium containing 0.2 (ig/ml tetracycline, and spread on NZY agar with both chloramphenicol (34 (lg/ml) and tetracycline (40 ng/ml) to select for doubly resistant colonies. Individual clones were grown for 24-48 h in liquid NZY medium containing 68 \i.glm\ chloramphenicol and 40 (ig/ml tetracycline. The phage in these cultures-mosaic virions bearing a mixture of wild-type coat protein encoded by c8-l and recombinant coat protein encoded by the chloroformselected clone-were partially purified by two PEG precipitations (Smith and Scott, 1993) and characterized by electrophoretic mobility in an agarose gel. The mosaic virions had an electrophoretic mobility intermediate between those of the two parent phage (data not shown), showing that the vast majority of the particles have substantial amounts of both wild-type and recombinant pVIII molecules in their coats. The chloroform resistance of these mosaic phage was assayed as described above, except that chloramphenicol resistance rather than tetracycline resistance TU were titered.
Results and discussion
Characteristics of the landscape library The library was constructed by replacing wild-type amino acids 2-4 with random octamers on every pVm subunit ( Figure  1A) ; the octamers are arranged regularly around the outside of the virion, occupying a substantial fraction of the surface area (dark atoms in Figure IB) . About half the clones secreted infective virions, in accordance with the results of others using much smaller libraries (Iannolo et al, 1995) ; presumably the random octamer in the other clones is not compatible with phage assembly or infectivity. Even the infective phage must be partially defective, because repeated propagation of the library resulted in the selection of aberrant clones with 48-51 amino acids, rather than the intended length of 55 (data not shown). No clone has been observed with a cysteine residue in the random octamer, and no other marked bias in amino acid composition was noticed from a sequence analysis of 74 randomly chosen clones (data not shown).
Chloroform resistance: a global surface property
Vigorous vortexing of filamentous phage with chloroform at room temperature causes contraction of the filament into noninfective spherical 'S-forms ' (Manning et al., 1981) , possibly mimicking a step in the normal infection pathway (Dunker et al., 1991) . As shown in Table I , phage selected from the landscape library by repeated extraction with chloroform displayed peptides that fell into two motifs (a motif is the consensus sequence of a group of phage-displayed peptides with similar or identical amino acids). These phage are -10 5 times more resistant to chloroform than vector phage that do not display a foreign peptide, and ~10 6 times more resistant than control phage displaying a peptide with similar amino acids in a different order (Table I ). In addition, some chloroform-selected clones displayed no foreign octamer at all, resembling the vector in this regard (Table I) ; they owe their resistance instead to a Ser -» Thr substitution at position 17 of the coat protein.
When wild-type or f8-l virions are vortexed vigorously with chloroform at room temperature, they are quantitatively converted to a form with a dramatically increased electrophoretic mobility; presumably these are the 'S-forms' mentioned above. No phage co-migrating with untreated virions are visible. In contrast, when chloroform-selected virions are treated with chloroform in the same way, ~10% retain the mobility of untreated virions-roughly the same percentage as retain infectivity.
A synthetic insert encoding EVPGSAFP, a peptide with the ExxxSAFP motif (Table I) , was cloned into the f8-l vector, theoretically constructing a new chloroform-resistant clone (see Materials and methods). The constructed phage had similar sensitivity to chloroform as the selected phage ( Table I) , proving that resistance is caused primarily by the displayed foreign peptide itself.
Using the procedure described in Materials and methods, we constructed mosaic phage covered with a mixture of wild-type pVHl and recombinant subunits displaying peptide EVPGSAFP (Table I ). The chloroform sensitivity of the mosaics was 1000-10 000 times higher than that of the corresponding non-mosaic phage, showing that disruption of the surface array by wild-type subunits sharply reduces resistance to the solvent. This finding Figure 1) ; the invariant N-terminal alanine at position 1 is omitted. The strength of binding of antibodies to phage clones was measured by an EL1SA (Smith and Scott, 1993) , using 10 |ig/ml biotinylated anti-ConA antibodies.
strengthens the notion that chloroform resistance is a global surface property.
Hapten binding: landscape phage as alternative 'antibodies'
A large phage landscape library, like the repertoire of antibodies in an immunocompetent animal, might by chance include binding sites for small haptens or other epitopes. To explore this possibility, we selected dioxin-binding clones by reacting a portion of the library with a biotinylated analog of the hapten immobilized on a streptavidin-coated Petri dish ( Figure 2 ). As shown in the figure, most of the affinity-selected phage displayed peptides with the common motif EPFP. Three lines of evidence suggest that these phage bind dioxin in a chemically specific way. First, this motif was not observed in any of the numerous selection experiments not involving dioxin, including selections with streptavidin alone and with streptavidin covered with biotinylated fluorescein, a molecule with overall similarity to dioxin (data not shown). Second, a dioxin-selected clone displaying peptide DFPFPDGK bound dioxin in a dosedependent manner (Figure 2) , whereas a control clone did not (data not shown). Third, the same dioxin-selected clone was captured in high yield (0.5%) by immobilized bio-dioxin in a phage capture assay (Yu and Smith, 1996) , whereas controls without bio-dioxin, or with f8-l vector phage, gave yields at least 100 times lower.
Mimicry of antigenic epitopes of ConA
Using the same affinity selection procedure as with dioxin, we isolated clones that bind a polyclonal antibody to the lectin ConA, an antibody that presumably contains many specificities against continuous and discontinuous determinants of the ConA antigen. Table II lists the selected motifs. One of them, Motif 6, corresponds to amino acids 158-165 of ConA; peptides matching the same epitope were also prominent among clones selected from other phage-display libraries (E.Lancy and G.P.Smith, unpublished observations). Evidently, the ability of Motif 6 to bind the corresponding antibodies is largely or completely intrinsic to the peptide itself, not an emergent property of the peptide-phage ensemble. This peptide forms an exposed loop on the surface of ConA, a plausible structure for an immunodominant epitope (Hardman et al., 1982) . In contrast to Motif 6, Motif 1 is an example of a 'mimotope', in that it has no recognizable similarity to the primary structure of ConA. Two independent clones, differing at four nucleotide Table II ) and Motif 6 phage (VSSNGSPQ). The ability of ConA or phage in solution to inhibit the binding of anti-ConA antibody to the same phage immobilized in microtiter wells was measured as described previously (Yu and Smith, 1996) positions, were represented about equally among the phage displaying this peptide, implying strong selection for this specific amino acid sequence. This is the most prominent motif selected with the anti-ConA antibody, and it also shows the strongest binding by ELISA (see Table II , fifth column), yet the same antibody failed to select similar motifs from any other non-landscape phage-display libraries (E.Lancy and G.P. Smith, unpublished results) . It is likely, therefore, that the antigenicity of Motif 1 is a local emergent property of the peptidephage ensemble, and not intrinsic to the peptide in isolation. Mimotopes are frequently selected by polyclonal antibodies from phage libraries displaying peptides that are constrained by disulfide bonds (G.P.Smith, unpublished results) or (as in the case of the landscape library) by fusion to pVTJI without a spacer peptide (Luzzago et al., 1993; Folgori et al, 1994) . The affinity of the Motif 1 and Motif 6 clones for the corresponding anti-ConA specificities was quantified by an inhibition ELISA, in which the virions themselves served as both immobilized ligand and solution-phase inhibitor ( Figure  3 ). Both clones strongly inhibited antibody binding, with an IC50 (concentration required to achieve 50% inhibition) of 50 nM coat protein (13 pM virions); ConA itself also inhibited binding (IC50 1-10 nM), indicating that the antibody molecules recognizing the phage are indeed specific for ConA.
Prospects
Landscape phage might serve in many of the applications currently conceived for nanotubes and other ultra-small structures that are the subject of 'nanotechnology' (Ratner, 1993) . In contrast to most such materials, however, landscape phage are not designed and synthesized one by one with particular goals in mind. Instead, phage with particular attributes are selected from huge libraries with random surface architectures. So far, clones are most commonly selected on the basis of affinity for an immobilized ligand, as exemplified by the dioxin-and anti-ConA-binding clones reported here. However, there are numerous other principles that may be exploited to isolate clones with a desired property. For instance, virions with a high affinity for a metal ion may be separated from bulk, non-binding phage by virtue of the change in their mobility when electrophoresed in the presence of the ion at low concentration. Such phage, with metal complexed on the surface in a specific repeating geometry, could be a rich source of new catalytic, electrical, magnetic or optical materials (Gattaschi et al, 1994; De Heer et al, 1995; Sorokin et al, 1995) . Felici et al. (1991) reported previously a 4 X10 7 -clone library in which the local environment surrounding each displayed foreign peptide is very similar to that in the landscape library described here. We call theirs a 'decoration' library, because only a fraction of the coat protein molecules bear the peptide, the majority of the surface being wild type. For many applications that depend only on intrinsic or local emergent properties of the displayed peptide, decoration and landscape libraries should be equally useful. Indeed, decoration libraries have the advantage of tolerating some peptides not tolerated in a landscape format. Nevertheless, the large size of our library (1.5X10 9 clones secreting infectious particles) shows that the diversity of structures tolerated without dilution by wild-type subunits is very rich, and in some ways the extremely high density of foreign peptides thereby achieved can be a key advantage. First, it can potentially increase the strength and intensity of binding to some target ligands. Second, it facilitates the structural analysis of the displayed peptide and its context (e.g. Kishchenko et al., 1994) . Third, and perhaps most significant in the long term, it enables the emergence of complex functions that depend on interactions between neighboring peptides and that may be sharply attenuated by interruption with wild-type subunits (as was the chloroform resistance reported here).
Cooperation between neighboring peptides is limited in the present landscape library. Being too far apart to interact directly (see Figure IB) , foreign peptides are only coupled through wild-type residues that do not differ from one clone to another. The diversity of coupling modes may be enriched greatly by extending the randomized region ~11 positions toward the Cterminus, allowing random residues from neighboring subunits to touch. Although probably only a small percentage of such clones will be viable (Iannolo et al, 1995) , even a library with only a million clones may be a rich source of new materials with a wide range of scientific and practical uses.
